21 22 Concurrent infection with multiple pathogens occurs frequently in individuals and can result 23 in exacerbated infections and altered immunity. However, the impact of such coinfections on 24 immune responses remains poorly understood. Here we reveal that systemic infection results 25 in an inflammation-induced suppression of local immunity. During localized infection or 26 vaccination in barrier tissues including the skin or respiratory tract, concurrent systemic 27 infection induces a type I interferon-dependent lymphopenia that impairs lymphocyte 28 recruitment to the draining lymph node (dLN). This leads to suppressed lymphoid stromal cell 29 expansion and dLN remodelling and impaired induction of B cell responses and antibody 30 production. Our data suggest that contemporaneous systemic inflammation constrains the 31 induction of regional immunity. 32 33 34 35 Subsets of mesenchymal fibroblastic reticular cells (FRC) construct the LN architecture and 51 include marginal reticular cells (MRC), follicular dendritic cells (FDC), T cell zone FRC and 52 additional reticular cells localized in B cell follicles. FRC are identified on the basis of 53 expression of podoplanin (PDPN; also called gp38) and lack expression of the endothelial cell 54 marker CD31. FRC respond dynamically to inflammation by modulating their gene expression 55 program that influences immune responses 3, 4 . This includes down-regulation of the expression 56 of the chemokines CCL19 and CCL21 and up-regulation of CXCL10, which affects the 57 positioning of leukocytes that regulate CD8 and CD4 T cell responses 5, 6 . The importance of 58 the mesenchymal LSC network was demonstrated in studies showing that depletion of the FRC 59 network results in impaired induction of immune responses 7, 8 . 60 Localized infections induce considerable enlargement of the LNs, including recruitment and 61 proliferation of lymphocytes and expansion of stromal cell networks. T cell responses are 62 initiated rapidly within LNs, with activation and proliferation of pathogen-specific T cells 63 occurring in as little as 2 days, followed by egress of the expanded pool of effector cells after 64 5-6 days. B cell responses are initiated with similar rapidity, and B cells differentiate into short-65 lived antibody secreting cells (ASC) within days, while other B cells migrate to B cell follicles 66 to form germinal centers (GC) and differentiate into high affinity plasma blasts (PB) or memory 67 B cells. GCs form within days after infection but can persist for weeks or months. Notably, LN 68
form the afferent and efferent lymphatic vessels required for sampling peripheral tissues and 47 exit of lymphocytes back to the blood circulation, respectively. Lymphocytes that enter the LN 48 from the blood are recruited via specialized blood endothelial cells (BEC) that form PNAd + 49 high endothelial venules (HEV) 2 . 50 expansion peaks 1-2 weeks after infection, which is delayed relative to the induction of T cell 69 responses, suggesting that remodelling of LN stromal cell networks may be particularly 70 important for supporting B cell responses. We have previously shown that LN enlargement 71 after HSV infection requires recruitment of lymphocytes from the circulation to induce LN 72 expansion, while B cells are required to sustain stromal cell responses 4 . 73
The process of immune response generation in LNs draining the site of localized infection with 74 a single pathogen is well characterized. However, people are often infected with multiple 75 pathogens simultaneously, and such pathogen coinfections can substantially modulate immune 76 responses and the outcomes of infections 9, 10 . Yet, the mechanisms underlying altered Restrained LN remodelling and suppressed B cell responses after LCMV infection. 90 To investigate how different viral pathogens influence lymphoid tissue remodelling, we 91 infected mice subcutaneously in the footpad with HSV or LCMV Armstrong and enumerated 92 stromal cell populations in the draining popliteal LN (pLN) by flow cytometry 8 days after 93 infection (Fig. 1A) . HSV inoculation results in an infection that remains localized to tissues 94 near the site of inoculation 4 , whereas LCMV replicates locally as well as spreading 95 systemically, including to the spleen 11, 12 . HSV infection induced a marked increase in total 96 pLN cellularity and expanded all populations of pLN LSC: PDPN + FRC, PDPN + CD31 + LEC, 97 CD31 + BEC and CD31 + PNAd + HEV (Fig. 1B) . In contrast, LCMV infection resulted in only 98 a marginal increase in cellularity and no significant expansion of the subsets of LSC in the LN 99 compared to uninfected mice (Fig. 1B) . 100
Examination of pLN by confocal microscopy revealed substantial enlargement of the draining 101 LN after HSV infection, whereas pLN were small and lacked organized B cell zones after 102 LCMV infection (Fig. 1C ). Closer examination revealed substantial disorganisation of the 103 PDPN + T cell zone FRC network that ensheaths laminin + reticular fibers ( Fig. 1D ) and loss of 104 B cell zone stromal cell organisation after LCMV infection (Fig. 1E) . Notably, in LCMV 105 infected mice B cell follicles were highly disorganized, and we could not detect FDC, whereas 106 B cell follicle organisation and FDCs were intact in HSV infected mice (Fig. 1E ). Moreover, 107 we observed the formation of a network of PDPN + FRC on the capsular side of the B cell 108 follicles in LCMV infected mice ( Fig. 1E , yellow arrows). This indicated that the B cell 109 follicles retracted from the LN capsule and a population of subcapsular PDPN + FRC formed in 110 this zone during LCMV infection. 111
Because MAdCAM-1 + MRC form a specialized stromal layer between B cell follicles and the 112 subcapsular sinus, we postulated that the expanded subcapsular LSC in LCMV infected mice 113 might be MRC, but subsequent analysis revealed that MAdCAM-1 + were not expanded 114 following LCMV infection. Conversely, we observed a substantial increase in MAdCAM-1 + 115 PDPN + FRC after HSV infection, but not after LCMV infection (Fig. 1F ). Greater than half of 116 all FRC were MAdCAM-1 + after HSV infection ( Fig. 1G ), suggesting that expression of this 117 adhesion molecule was upregulated after HSV but not LCMV infection. Staining of tissue 118 sections confirmed increased expression of MAdCAM-1 on T cell zone FRC in pLN after HSV 119 but not LCMV infection (Fig. S1 ). This suggests that MAdCAM-1, which is typically used to 120 
Next, we examined virus-specific CD8 + T cell responses in the pLN by major 140 histocompatibility complex class I (MHC-I) tetramer staining. Local infection with LCMV 141 induced larger numbers of virus-specific CD8 + T cells compared to HSV infection ( Fig. 2A -142 B) . In contrast, we found that B cell numbers were significantly reduced in draining pLN after 143 LCMV infection in comparison with HSV infected mice ( Fig. 2D ). Expansion of GL7 + 144 germinal center (GC) B cells and CD138 + antibody secreting cells (ASC) was also significantly 145 lower in the pLN after LCMV infection compared to HSV infection ( Fig. 2C-E) Importantly, LCMV coinfection did not alter the growth of HSV in the tissue (Fig. 3C ). 197
We examined HSV-draining pLN sections by confocal microscopy and discovered that LCMV 198 coinfection prominently altered pLN remodelling in response to HSV. In coinfected mice B 199 cell follicles were small and disorganized and LYVE-1 + medullary sinuses were more 200 prominent compared to mice infected with HSV alone ( Since systemic coinfection suppressed expansion of pLN LSC, we wanted to know if this was 256 due to reduced proliferation or altered survival of LSC. We examined proliferating LSC in 257 LCMV and HSV coinfected mice by staining for Ki67. Significantly fewer Ki67 + FRC, LEC 258 and BEC were detected in coinfected mice when compared to mice infected with HSV alone 259 ( Fig. 3K ). In contrast, coinfection did not alter the number of apoptotic (Annexin-V+ PI+) 260 FRC, LEC or BEC compared to that observed following infection with HSV alone (Fig. S2C ). 261
Further, we observed no alterations in metabolic functions as determined by glucose or lipid 262 uptake, mitochondrial mass or oxidative stress in pLN LSC in coinfected mice compared to 263 mice infected with HSV alone (Fig. S2D-E that have defective recruitment of monocytes (Fig. S3D) . 323
The reduction in B and T lymphocytes in the pLN of LCMV coinfected mice led us to 324 hypothesize that LCMV infection induces a general lymphopaenia that inhibits lymphocyte 325 recruitment to the draining LN during peripheral viral infection. To examine this, we treated 326 HSV-infected mice with the immunomodulatory drug FTY720 to induce a systemic 327 lymphopenia 17 (Fig. 5C ). Expansion of pLN LSC, and upregulation of MAdCAM-1 by FRC 328 was impaired in FTY720 treated HSV infected mice compared to untreated controls (Fig. 5D ). 329 B cell accumulation and induction of GC B cells and ASC was also inhibited in FTY720 treated 330 mice, whereas virus-specific CD8 + T cell responses were unchanged, suggesting that 331 lymphopenia impairs the induction of local B cell responses and LN remodelling but not virus-332 specific CD8 + T cell responses (Fig. 5E ). 333
To determine if B cell recruitment was required for expansion of the LN, we treated mice with 334 an anti-CD20 antibody to deplete B cells prior to HSV infection and examined stromal cell and 335 T cell responses in B cell ablated mice ( Fig. 5F and Fig. S3E ). In the absence of B cells, FRC 336 expansion was significantly reduced and upregulation of MAdCAM-1 by FRC was blunted, 337
whereas LEC and BEC expansion was unaffected (Fig. 5G ). T cell recruitment to the HSV-338 draining pLN and induction of HSV-specific CD8 + T cell responses were unimpaired by 339 depletion of B cells (Fig. 5H) We hypothesized that systemic inflammation was responsible for the lymphopenia-induced 368 suppression of local LN responses. To examine this, we administered the TLR agonists 369 poly(I:C) or lipopolysaccharide (LPS) to HSV infected mice (Fig. 6A ). Both inflammatory 370 mediators substantially reduced the HSV-driven increase in pLN cellularity, FRC expansion, 371
as well as B cell responses (Fig. 6B) . Systemic LCMV infection induces the production of pro-372 inflammatory cytokines, including type I interferon (IFN-I) 18 . LCMV induced a substantial B 373 cell lymphopenia in mice that was dependent on IFN-I receptor (IFNAR) signalling as it did 374 not occur in IFNAR -/mice (Fig. 6C ). To determine a role for IFNAR signals for suppression 375 of local LN responses, we administered blocking antibodies against IFNAR (anti-IFNAR) to 376 mice infected with HSV or mice coinfected with LCMV in order to reduce IFNAR signals ( Fig.  377   6D ). Anti-IFNAR treatment did not significantly alter responses in mice infected singly with 378 HSV (Fig. 6E) . In contrast, anti-IFNAR blockade significantly enhanced the expansion of FRC, 379 LEC, BEC and HEV in coinfected mice ( Fig. 6E and Fig. S4A ). HSV-specific T cell responses 380 were not altered by anti-IFNAR treatment (Fig. 6F ), but T and B cell recruitment, GC B cells 381 and ASC numbers were restored by anti-IFNAR treatment of coinfected mice ( Fig. 6G and Fig.  382 S4A). 383
We asked whether B cell intrinsic IFNAR signals contributed to reduced LN hypertrophy and 384 B cell recruitment during coinfection. We generated chimeric mice with a mixture of B cell 385 deficient (µMT -/-) and IFNAR -/-BM to confine the lack of IFNAR expression to B cells (Fig.  386   S4B ). However, loss of IFNAR in B cells did not restore LN remodelling or B cell responses 387 in coinfected mice to the levels observed in mice infected with HSV alone (Fig. S4C) . immunity suggests that opportunistic localized infections might occur more frequently or be 446 harder to eradicate in hosts undergoing systemic inflammatory reactions. We would also 447 predict that both infectious and non-infectious systemic inflammatory reactions could suppress 448 regional immunity when occuring contemporaneously. In contrast, latent coinfection with 449 murine gammaherpesvirus 68 or murine cytomegalovirus was shown to protect against 450 bacterial infection 27 , at least transiently 28 , due to the systemic production of low levels of 451 cytokines. This indicates that the magnitude of systemic inflammation can influence the 452 outcomes of immunity. anaesthetized with isoflurane vaporized in O2. Unless stated otherwise mice were coinfected 498 intraperitoneally with 2 x 10 5 PFU of LCMV Armstrong two days after footpad HSV infection. 499
HSV-1 viral titers were determined in homogenized footpads by PFU assay as described 12 . 500 501 Stromal cell isolation and flow cytometry. pLN and iLN were harvested and processed as 502 described previously 4 . Briefly, LN were teased apart with forceps and incubated at 37°C in 503 RPMI with collagenase D, Dispase and DNase for 25 minutes. Following a second round of 504 digestion for 15 minutes, single cell suspensions were resuspended in FACS buffer (PBS 2% 505 BSA 5mM EDTA) and filtered through 70µM before antibody staining. Antibodies used in 506 this study are listed in Table S1 and air-dried before being fixed in acetone for 5 min, dried, and then blocked for 30 min 550 (Protein Block X0909, DAKO) at room temperature (RT). Sections were staining with primary 551 antibodies for 1 hour at RT, washed in PBS and when required stained with secondary 552 antibodies for 45 minutes at RT. Stained sections were mounted in ProLong Gold antifade 553 reagent (Invitrogen), and acquired on a LSM780 or LSM710 confocal microscope (Carl Zeiss) 554 and images processed with Imaris (Bitplane). Antibodies used for histology are listed in Table  555 S1. 556 
